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Accumulation of 50-methylthioadenosine (MTA) and
S-adenosylhomocysteine (SAH) in bacteria disrupts
the S-adenosylmethionine pool to alter biological
methylations, synthesis of polyamines, and produc-
tion of quorum-sensing molecules. Bacterial meta-
bolism of MTA and SAH depends on MTA/SAH
nucleosidase (MTAN), an enzyme not present in
humans and a target for quorum sensing because
MTAN activity is essential for synthesis of
autoinducer-2 molecules. Crystals of Salmonella
enterica MTAN with product and transition state
analogs of MTA and SAH explain the structural con-
tacts causing pM binding affinity for the inhibitor and
reveal a ‘‘water-wire’’ channel for the catalytic nucle-
ophile. The crystal structure shows an extension of
the binding pocket filled with polyethylene glycol.
We exploited this discovery by the design and syn-
thesis of tailored modifications of the currently exist-
ing transition state analogs to fill this site. This site
was not anticipated in MTAN structures. Tailored
inhibitors with dissociation constants of 5 to 15 pM
are characterized.
INTRODUCTION
50-methylthioadenosine nucleosidases (MTANs) hydrolyze
S-adenosyl-L-homocysteine (SAH) and S-methyl-50-thioadeno-
sine (MTA) into S-ribosyl-L-homocysteine (SRH) and S-methyl-
50-thioribose (MTR), respectively (E.C. 3.2.2.9 and E.C.
3.2.2.16) (Duerre, 1962; Shapiro and Mather, 1958). The central
molecule in these pathways is S-adenosylmethionine (SAM),
the methyl donor for synthesis and macromolecular regulation.
Methyl transfer yields SAH as a product. Polyamine synthesis
also requires SAM, and MTA is formed as the product.
SAM is also used in the synthesis of quorum-sensing molecules
in bacteria. Quorum-sensing molecules act as chemical mes-
sengers between bacteria (Evans et al., 2004; Parveen and
Cornell, 2011; Withers et al., 2001). Mammals do not express
MTA/SAH nucleosidases, and therefore, MTANs have been
the targets of antibacterial drug design (De La Haba and Can-Structure 21toni, 1959; Parsek et al., 1999; Pegg and Williams-Ashman,
1969; Singh et al., 2006). MTAN inhibition causes increased
cellular levels of MTA and SAH, product inhibition of poly-
amine synthases, growth arrest (Raina et al., 1982), and in
some species, inhibition of quorum sensing (Gutierrez et al.,
2009). In Helicobacter pylori (H. pylori) MTAN is involved in
the essential pathway of menaquinone synthesis (Wang et al.,
2012a).
MTANs catalyze the hydrolysis of the N-glycosidic bond
between N9 of adenine and C10 of the thioribose, via transition
states with SN1 character. Protonation of N7 of substrate and
the syn conformation of the ribosidic bond facilitate N9-C10
bond loss. The ribocation is neutralized by attack of the water
nucleophile, thus causing adenine replacement by a nucleophilic
water (SN). (Allart et al., 1998; Lee et al., 2003, 2005b; Singh et al.,
2005b).
Transition state (TS) analogs are tight-binding inhibitors
that mimic specific transition state features (Schramm, 2005a,
2005b). First-generation TS analogs of N-ribosyltransferases
resemble early, dissociative TSs, whereas second-generation
TS analogs resemble fully dissociated ribocation TSs (Evans
et al., 2005; Lewandowicz et al., 2003). Some second-generation
TS analogs inhibited their target enzymes with dissociation
constants as low as 1014 M (Singh et al., 2005a). The TS struc-
tures for MTANs from Escherichia coli (E. coli) (Singh et al.,
2005b), Neisseria meningitides (N. meningitides) (Singh et al.,
2007), and Streptococcus pneumonia (S. pneumonia) (Singh
and Schramm, 2007) have been established via kinetic isotope
effect (KIE) measurements. These TSs have partial or full riboca-
tion character without participation of the nucleophilic water.
E. coli, S. pneumonia, Klebsiella pneumonia (K. pneumonia),
and Staphylococcus aureus (S. aureus) MTAN transition states
had fully dissociated leaving groups, whereas N. meningitides
and H. pylori were shown to have early SN1 transition states
with partial bond order in the N-ribosidic bond (Gutierrez et al.,
2007).
Structurally, MTAN belongs to the MtnN subfamily of the
purine nucleoside phosphorylase (PNP)/uridine phosphorylase
(UDP) phosphorylase family. Our 1.36 A˚ structure of native
Salmonella entericaMTAN (SeMTAN) showed a dimeric assem-
bly with one of two active sites occupied by an adenine that
copurified with the enzyme. Crystal structures with adenine
and known TS analogs revealed an additional 50-binding pocket.
We exploited that feature to synthesize tailored inhibitors that
bind with Kd values in the low picomolar range., 963–974, June 4, 2013 ª2013 Elsevier Ltd All rights reserved 963
Figure 1. The Structure of Salmonella enter-
ica MTAN (SeMTAN)
(A) Quaternary structure of SeMTAN homodimer.
The structure is drawn as ribbons, and monomer-A
and B are colored in red and blue, respectively. The
region between b6 and b7 strands of monomer-B
extends to the side of monomer-A (and vice versa),
where it forms a part of substrate binding pocket of
the neighboring monomer. The black line repre-
sents a hydrogen bond not found in E. coli MTAN
(see the Discussion).
(B) Surface exit of the binding pocket. The
monomer-A is shown as a surface representation.
The accessible surface area was obtained using the probe radius of 1.4 A˚ in PyMOL. The arrow points to the exit of the substrate binding pocket. In (A)
and (B), the transition state analog BuT-DADMe-ImmA is bound in the active site of both monomers. The figure was prepared with PyMOL.
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Binary Structures of Salmonella enterica MTANRESULTS
Tertiary and Quaternary Structures of S. entericaMTAN
All SeMTAN crystal structures presented here were homodimers
consistent with other MTANs (Figures 1A and 1B). The asym-
metric units in every case consisted of the SeMTAN homodimer.
The SeMTAN monomer core consists of a three-layer aba
sandwich with a central mixed sheet of ten strands containing
crossover loops. Altogether, there are seven helices around
the central b sheet; helices 1, 3, and 6 are on one side, and
helices 2, 4, and 5 and a small 310-helix are located on the other
side (Figures 1A and 2A).
Adenine and Polyethylene Glycol in the Monomer-B of
S. enterica MTAN
The crystal structure of apo SeMTAN was determined at 1.36 A˚
resolution. Monomer-B of the apo SeMTAN dimer was in the
ligand-induced closed conformation (Figure 2B; Movie S1 avail-
able online) and contained bound adenine (Figure 3A) although
adenine was not included in the crystallization trials. Enzyme
used in the crystallization trials contained bound adenine by
UV spectral analysis, similar to previous reports for E. coli
MTAN (Lee et al., 2001). We therefore refer to apo SeMTAN as
Ade-SeMTAN. Four hydrogen bonds between adenine and
SeMTAN include the main-chain oxygen and nitrogen of Ile152
in hydrogen bonds with N6 and N1 of adenine, respectively.
The OD1 and OD2 of Asp197 are in hydrogen bonds to N6 and
N7 of adenine, respectively. Nonbonded contacts (<3.90 A˚)
between adenine and the protein include Ser76, Ala77, Gly78,
Ala150, Phe151, Val171, Glu172, Ser196, and Ala199 (Table
S1). Phe151 formed the most intimate contact, but not by an
optimal parallel stacking interaction (McGaughey et al., 1998).
An unknown ligand also occupied the 50-alkylthio subsite of
the binding pocket (Figure S1). Anomalous difference maps
gave no peaks for this ligand, but the sulfurs of cysteines and
methionines of MTAN were located; thus, the molecule in the
50-alkylthio subsite did not contain sulfur (see the Experimental
Procedures). Triethylene glycol (TEG) fitted the corresponding
positive difference map. Bound TEG contacted both monomers
of the Ade-SeMTAN homodimer, including residues Met9,
Ile150, Phe151, Phe207, and Asp208 of monomer-B and
Val102 and Phe105 of monomer-A. None of these contacts
were hydrogen bonds. Others have also reported a PEG mole-
cule occupying a substrate binding site in E. coli MTAN. But, in964 Structure 21, 963–974, June 4, 2013 ª2013 Elsevier Ltd All rightsE. coliMTAN, the site with bound PEGwas in an open conforma-
tion (Lee et al., 2005b); therefore, PEG binding is different in
E. coli and S. enterica MTANs.
Structural Changes from the Open Form to the
Closed Form
Monomer-B of Ade-SeMTAN had a closed site, whereas mono-
mer-A of the same homodimer was in the open conformation.
When compared, dramatic changes appeared at the ligand bind-
ing site, and changes were also induced distant from the active
site (Figure 2B; Movie S1). The observed changes were consis-
tent with those described for E. coli and H. pylori MTAN (Lee
et al., 2003, 2005b; Ronning et al., 2010). The most prominent
reorganization was between b10 and a6, moving toward the
bound ligand. The move increased the helical content of a6 to
become four residues longer in its N terminus and to position it
closer to the binding site (Figure 2A). The C terminus of b10
also moved toward the bound ligand. Rearrangement at the
b10-a6 region caused concerted motions in nearby regions by
causing the b1-a1 loop and also a1 to move. Furthermore, the
b4-a2 loop moved the same direction, away from a6. On the
other side of the a6 helix, the b5-b6 loop moved toward the cen-
tral region of the a6 helix. In addition, the nearby a3, a3-b8 loop
and the N terminus of b8 also moved toward the a6 helix. Near
the dimer interface, a4 was pushed toward the neighboring
monomer by reorganization of the a6 N terminus, and the loop
preceding the a4-helix moved toward the adenine subsite. The
closed binding site still has an opening at the surface of the
enzyme (Figure 1B).
The ligand-induced structural rearrangements repositioned
several important active-site residues (Figure 2A). The move-
ment of a1 placed the catalytic glutamate (Glu12) closer to the
active site, where its role is proposed to activate a water mole-
cule for a nucleophilic attack, as suggested from structures
with bound transition state analogs. Phe151 and Ile152 of the
b8-a4 loop moved to form a stacking interaction and hydrogen
bonds with adenine, respectively. Asp197 moved in position to
donate a proton to N7 of the adenine. Phe207 of a6, together
with Phe151 and Phe105, became part of the 50-alkylthio
subsite. A combination of transition state analysis and crystallo-
graphic data with transition state analogs have shown the impor-
tance of N7 protonation in forming the transition state and of
Asp197 in catalysis. The raised pKa (8.2) enables Asp197 to
act as a catalytic acid (Allart et al., 1998; Lee et al., 2005a, 2005b).reserved
Figure 2. Changes in the Tertiary Structure upon Inhibitor Binding
(A) The sequence of S. enterica MTAN (SeMTAN) and the alignment of
secondary structures of inhibitor- and adenine-bound SeMTAN structures.
The secondary structures in black are from Ade-SeMTAN crystal structures,
where monomer-A was in the open conformation and monomer-B with a
bound adenine was in the closed conformation. The secondary structures
shown in blue belong to the BuT-DADMe-ImmA-SeMTAN structure. In the
BuT-DADMe-ImmA-SeMTAN structure, both monomers were in the closed
conformation and contained a bound inhibitor, BuT-DADMe-ImmA. The
secondary structures of A-monomers and B-monomers are above and below
the sequence, respectively. The residues highlighted in cyan are in contact
with the inhibitor in the BuT-DADMe-ImmA-SeMTAN crystal structure.
(B) Comparison of tertiary structures of the monomers in the open and closed
conformation. The structure shown in light blue is the open conformation
monomer-A of Ade-SeMTAN. The monomer colored in salmon shows ligand-
induced closed form. The bound inhibitor is BuT-DADMe-ImmA. The labeled
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Structure 21When all MTANs in the Protein Data Bank (PDB) were
compared (Table S2), most showed that both monomers of the
dimer have ligand-induced closed conformations. None of these
closed-conformation monomers had only a bound adenine. Only
in two structures did both monomers have open conformations
(E. coliMTAN, PDB ID codes 1JYS and 1Z5P), and in one struc-
ture, the dimer has an open and a closed monomer (H. pylori
MTAN, PDB ID code 3NM4). In open conformation monomers,
ethylene glycol occupied the ribose subsite (H. pylori MTAN,
PDB ID code 3NM4); adenine occupied the adenine subsite
(E. coli MTAN, PDB ID code 1JYS) or glycerol was in the ribose
subsite; and PEG was in the 50-alkylthio subsite (E. coli MTAN,
PDB ID code 1Z5P). In the open conformation monomer-A
of Ade-SeMTAN (this study), a continuous electron-density
extended from the 50-alkylthio subsite to the ribose subsite, a
structure resembling a PEG fragment, but no electron-density
for adenine was seen. It can be concluded that adenine or
PEG alone is not sufficient to change the conformation from
the open form into the closed form.
Structure-Based Design from Existing Transition State
Analogs
The binding modes of adenine and TEG in the closed form
of Ade-SeMTAN suggested novel inhibitors. Structural super-
position of Ade-SeMTAN and SeMTAN with a bound butylthio-
(3R,4S)-1[9-deazaadenin-9-yl)methyl]-3-hydroxy-4-methylthio-
pyrrolidine (BuT-DADMe-ImmA) (PDB ID code 4F3C, this study)
revealed close overlap of the adenines with TEG present in
the 50-alkylthio subsite (Figure S1). It was observed that a
group much longer than a butyl group could be accommo-
dated by the 50-alkylthio subsite in SeMTAN. Inhibitors were
designed with DADMe-ImmA cores with oxygen and carbon
substituents in elongated 50-alkylthio groups (Figure 3C). Four
inhibitors were synthesized with 2-hydroxyethylthio (-S-
CH2CH2OH), 3-hydroxypropylthio [-S-(CH2)2CH2OH], 4-hydrox-
ybutylthio [-S-(CH2)3CH2OH] or 2-(2-hydroxyethoxy)ethylthio
[-S-(CH2)2OC2H4OH] groups attached to the DADMe-ImmA
core. An inhibitor having two ethylene glycol (C-C-O) repeats
(DiEGT-DADMe-ImmA) was the best inhibitor, according to a
measured Ki* value of 5 pM (Table 1). DiEGT-DADMe-ImmA
was used in cocrystallization experiments, as well.
Structures and a Water Network of S. enterica MTAN
with Transition State Analogs
Crystal structures of SeMTAN in complex with four different in-
hibitors were determined (Tables 2 and 3). All inhibitors had the
same core structure (-DADMe-ImmA) to mimic the late dissocia-
tive transition state character, but with different substituents at
the 50-thiol-position (Figure 3C). The groups were methylthio
(MT), butylthio (BuT), homocysteine (Homocys), or diethylene-
glycolthio (DiEGT). The Homocys-DADMe-ImmA and DiEGT-
DADMe-ImmA inhibitors have not been previously reported in
any crystal structures.regions move the most upon ligand binding; the same regions are shown with
white letters in (A). The red loop belongs to open conformationmonomer, and it
indicates the site of the most change in the structure.
See also Movie S1.
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Figure 3. The Substrates and Transition State
Analogs of S. enterica MTAN
(A) Methylthioadenosine (MTA) and S-ad-
enosylhomocysteine (SAH) are the substrates of
MTAN. The substrates and substrate analogs of MTAN
can be divided into adenine (red dotted line), ribose
(black dotted line), and 50-alkylthio (blue dotted line)
moieties. All thesemoieties have defined subsites in the
active site of MTAN (Lee et al., 2003).
(B) The reaction as catalyzed by MTAN. The transition
state of MTAN involves a dissociated adenine leaving
group and ribocation. In the end of the reaction cycle,
the carbocation is neutralized by the activated water
molecule producing either methylthioribose (MTR) or
S-ribosylhomocysteine (SRH), together with adenine.
(C) Transition state analogs. The DADMe-ImmA in-
hibitors mimic the late dissociative transition state
character of MTAN, in which the distance between C10
of thioribose and N9 of adenine is approximately 3 A˚,
and they have two chiral centers (3R,4S). The RS-
DADMe-ImmA having R1-R4 groups are tailored in-
hibitors designed on the SeMTAN crystal structure in
complex with TEG (see also Figure S1). R5 is the tran-
sition state mimic of MTA, and R7 is the transition state
mimic of SAH.
Structure
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in the closed conformation. Superposition of all eight inhibitor-
bound monomers revealed common binding modes (Figure 4;
Table S1). The 9-deazaadenine groups of DADMe-ImmAs were
located in the adenine subsite with the same hydrogen bonds
and contacts for adenine in Ade-SeMTAN. The O and N of
Ile152 were hydrogen bonded to N1 and N6 of 9-deazaadenine,
respectively. The OD1(Asp197) formed a hydrogen bond with N6
of 9-deazaadenine, and OD2(Asp197) was in turn hydrogen
bonded to N7 of 9-deazaadenine. Binding of the 4-methylthio-
pyrrolidine moieties of MT-DADMe-ImmA, BuT-DADMe-ImmA,
Homocys-DADMe-ImmA, and DiEGT-DADMe-ImmA was also
the same. There was one more direct hydrogen bond between
the bound inhibitors and SeMTAN that was seen in the other
four inhibitor-SeMTAN crystal structures reported here. The
additional hydrogen bond was between OE1(Glu174) and O30
of pyrrolidine (Figure 4). Major differences in the binding modes
of the four inhibitors were seen in the 50-alkylthio binding site and
in the water network near the catalytic water molecule (Figure 4).
All inhibitor-SeMTAN structures showed a conserved trail of
three or two waters (Figures 4 and 5). The catalytic water is
hydrogen bonded to OE1(Glu12), OE2(Glu12), OE2(Glu174),
NH1(Arg193), N10 of pyrrolidine, and O30 of pyrrolidine and is
also hydrogen bonded to the adjacent, secondwater in thewater966 Structure 21, 963–974, June 4, 2013 ª2013 Elsevier Ltd All rights reservedchannel. The second water of the trail
had hydrogen bonds with the first and
the third water molecules of the water trail
and with N(Ala8), OE1(Glu12), O(Thr74),
NH1(Arg193), and NH2(Arg193). The third
water was hydrogen bonded only to N(Ala8)
and ND2(N73). Two waters were resolved
with MT-DADMe-ImmA-SeMTAN and in
monomer-A of BuT-DADMe-ImmA-SeMTAN.
Three waters were resolved in monomer-Bof BuT-DADMe-ImmA-SeMTAN and in both monomers of
Homocys-DADMe-ImmA-SeMTAN and DiEGT-DADMe-ImmA-
SeMTAN. A fourth molecule (W4), in the active sites of
Homocys-DADMe-ImmA-SeMTAN and DiEGT-DADMe-ImmA-
SeMTAN, was not part of the water trail but was hydrogen
bonded to OE1(Glu172), N(Met173), N(Glu174), OE2(Glu174),
NH1(Arg193), and NH2(Arg193). The trail of three waters (W1-
W3) was also present in the closed conformation monomer of
Ade-SeMTAN structure. Alignment of the crystal structure of
E. coli MTAN with a bound MTA (PDB ID code 1Z5O) with
Homocys-DADMe-ImmA-SeMTAN or DiEGT-DADMe-ImmA-
SeMTAN structures showed that the water W4 was approxi-
mately 1.8 A˚ away from the binding site of the O20 of ribose of
MTA. Therefore, the W4 water replaces the ribosyl O20. The
active site of E. coliMTANwith bound products methylthioribose
(MTR) and adenine (PDB ID code 1Z5N) the catalytic water
converted to the covalent a-C1-hydroxyl group following its
nucleophilic reaction to form bound 5-methylthio-a-D-ribose
(MTR) (Figure 3B).
Accommodation in the 50-Alkylthio Subsite of
S. enterica MTAN
The 50-alkylthio subsite with bound inhibitors can accommo-
date molecules of approximately 7 to 9 A˚ wide. The 50-alkylthio
Table 1. The Slow-Onset Inhibition Constants, Ki*, and the Gibbs
Free Energy Values, DG, for Inhibitor Binding
Inhibitor Ki* (pM)
DG
(kcal mol1)
DDG
(kcal mol1)
2-Hydroxyethylthio-
DADMe-ImmA
11.0 ± 2.2 14.9 ± 0.1 0.5
3-Hydroxypropylthio-
DADMe-ImmA
7.0 ± 2.3 15.2 ± 0.2 0.2
4-Hydroxybutylthio-
DADMe-ImmA
14.8 ± 2.7 14.8 ± 0.1 0.6
2-(2-hydroxyethoxy)
ethylthio-DADMe-ImmA
aka diethyleneglycolthio-
DADMe-ImmA
5.0 ± 0.7 15.4 ± 0.1 0
Homocysteine-DADMe-
ImmA
69.0 ± 12.1 13.9 ± 0.1 1.5
Methylthio-DADMe-ImmA 5.0 ± 0.4 15.4 ± 0.1 0
Butylthio-DADMe-ImmA 1.5 ± 0.4 16.1 ± 0.2 0.7
The DADMe-ImmA inhibitors are the mimics of the late dissociative tran-
sition state, in which the distance between C1’ of thioribose and N9 of
adenine of the MTA is elongated. All these transition state analogs ex-
hibited slow-onset inhibition, and they diffuse out of MTAN very slowly.
The top four inhibitors are tailored inhibitors particularly designed for
this study. The lower four inhibitors were cocrystallized with S. enterica
MTAN, and the corresponding structures were determined in this study.
The DDG values were determined by using methylthio-DADMe-ImmA as
a reference.
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Pro113(A), and Phe207(B) of both monomer-A and monomer-B.
The 50-methylthio group of MT-DADMe-ImmA occupied the
50-alkylthio subsite of the corresponding crystal structure and
was completely buried by the residues of the binding pocket of
the same monomer (Figure 4A). Only one residue (Ile50) was in
contact with themethyl group. Of the four inhibitor-bound crystal
structures in this study, MT-DADMe-ImmA was the only inhibitor
that adopted the same conformation in both active sites of
SeMTAN homodimers.
The 50-tail of BuT-DADMe-ImmA took full advantage of the
50-alkylthio binding pocket. Themethyl end of the butylthio group
was located at the exit of the binding pocket, and the butyl group
was surrounded by hydrophobic residues: Ile50(A), Val102(B),
Phe105(B), Pro113(B), and Phe207(A) (Figure 4D). In contrast
to the MT-DADMe-ImmA-SeMTAN, residues contributing to
butylthio binding are primarily from the neighboring monomer.
Bound BuT-DADMe-ImmA differs in subunits A and B because
the methyl group at the tip of the butylthio group is facing in
two different directions.
Homocys-DADMe-ImmA is a transition state mimic of SAH,
a MTAN substrate (Figure 3). No MTAN structures have
been reported with Homocys-DADMe-ImmA. Similar to BuT-
DADMe-ImmA, the homocysteine group had distinct con-
formations in the active sites of SeMTAN (Figures 4B and 4C).
Commonly, the homocysteine group was surrounded by
Ile50(A), Phe105(B), Tyr107(B), Pro113(B), and Phe207(A). The
carboxylate terminus extended beyond the binding pocket and
was bound on the surface of the enzyme. This allowed an addi-
tional hydrogen bond betweenOXT of the homocysteine carbox-Structure 21ylate group and the OH of Tyr107 in the neighboring monomer.
Moreover, the amino of homocysteine formed a hydrogen
bond with a water molecule on the surface of SeMTAN, near
the exit of the 50-alkylthio subsite and pointed toward the CE2/
CD2 side of phenyl ring of Phe105 (3.6 A˚), but not toward the
energetically favored center of the phenyl ring (Levitt and Perutz,
1988). In the second active site, the CNH-COOH group of homo-
cysteine was rotated around the CB-CA bond by approximately
25 to position the NH of homocysteine >4 A˚ from the phenyl ring
of Phe105, and the carboxylate oxygen was hydrogen bonded to
O(Phe105) via a water molecule (Figure 4B).
In monomer-A, the DiEGT moiety of DiEGT-DADMe-ImmA
had a single conformation, facing Tyr107 of the neighboring
subunit. Binding of the DiEGT group was accommodated by
Ile50(A), Phe105(B), Tyr107(B), and Phe207(A), but no direct
hydrogen bonds were formed between the DiEGT moiety and
SeMTAN. The second ethylene glycol repeat of DiEGT extended
out of the 50-alkylthio subsite and was bound on the surface of
the enzyme similar to Homocys-DADMe-ImmA-SeMTAN. Both
oxygen atoms of DiEGT formed hydrogen bonds with water
molecules (Figure 4E). In monomer-B, DiEGT-DADMe-ImmA
had two binding modes. In one, the DiEGT group was similar in
binding as seen in monomer-A; however, the oxygen at the
terminal end of the DiEGT (OAY) formed a hydrogen bond with
theOH(Tyr107) (Figure 4F). In the same subunit, the other confor-
mation of the DiEGT group was facing the opposite direction,
toward Asp208(B) (Figure 6B). The conformer facing Asp208
was no longer in contact with Tyr107(A) and Pro113(A) of the
neighboring monomer. Instead, additional hydrogen bonds
were formed between the oxygen atom (OAY) in the end of the
DiEGT moiety with OD1 of Asp208 and a water-mediated
hydrogen bond with OE2 of Glu11.
Surface Extensions of the 50-Alkylthio Subsite
The two major binding modes for inhibitors of SeMTAN have
the 50-thio-substituted groups positioned toward Tyr107 of the
neighboring monomer or directed to Asp208 of the same mono-
mer (Figure 6A). The 50-alkylthio subsite can be extended into
additional subsite extensions characterized by deep grooves
on the protein surface (Figure 6B). Extension-Y107 originates
from Tyr107, and extension-D208 is next to Asp208, and the
branch point (Figure 6A) for these extensions is near the exit of
the 50-alkylthio subsite. The surface grooves interact in distinct
ways with inhibitors extending beyond the enzyme surface.
Thus, carbon (C23) of butylthio in monomer-A of BuT-DADMe-
ImmA-SeMTAN was in extension-D208, and in monomer-B,
the same carbon was in extension-Y107. Homocys-DADMe-
ImmA-SeMTAN had the CA carbon of homocysteine at the
branch point and positioned the amino and carboxylate groups
into extension-D208 and extension-Y107, respectively. The
TEG bound inmonomer-B of Ade-SeMTAN traversed the branch
point and occupied the extension-D208 site, placing the oxygen
atom of TEG in the same place as C23 of butylthio and N of
homocysteine in the corresponding inhibitors (Figure 6A). In
contrast, the DiEGmoiety of DiEGT-DADMe-ImmA has a distinct
orientation, indicating that the 50-alkylthio channel is wide
enough to permit distinct conformations of the ligand (Figure 6A).
Emerging from the surface, the DiEG moiety occupied either
the extension-Y107 (monomer-A) or extension-D208 sites. In, 963–974, June 4, 2013 ª2013 Elsevier Ltd All rights reserved 967
Table 2. Crystallographic Data Collection and Refinement Statistics
Adenine
(PDB ID 4F1W)
Methylthio-DADMe-
Immucillin-A
(PDB ID 4F2W)
Butylthio-DADMe-
Immucillin-A
(PDB ID 4F3C)
Homocys-DADMe-
Immucillin-A
(PDB ID 4F3K)
DiEtglycolthio-DADMe-
Immucillin-A
(PDB ID 4F2P)
Data Collection Statistics
Space group P212121 P212121 P21 P212121 P212121
Unit cell parameters a (A˚) 66.05 69.41 68.05 52.49 52.41
b (A˚) 68.12 82.54 46.61 70.49 70.14
c (A˚) 89.66 93.11 70.94 122.83 122.50
b () – – 114.78 – –
Temperature (K) 100 100 100 100 100
Wavelength (A˚) 1.075 1.075 1.075 1.075 1.075
Resolution (A˚) 54.24–1.36
(1.43-1.36)
61.77–2.00
(2.11-2.00)
64.41–1.93
(2.03-1.93)
61.41–1.85
(1.95-1.85)
61.25–1.64
(1.73-1.64)
Rpim (%) 3.5 (30.7) 8.1 (14.1) 4.0 (14.8) 7.3 (42.0) 3.7 (20.0)
Completeness (%) 100 (99.9) 99.0 (96.8) 99.7 (99.4) 99.8 (99.6) 98.7 (97.2)
Mn (I/sd) 12.9 (2.6) 6.7 (4.1) 11.7 (4.2) 9.5 (3.2) 10.9 (2.9)
Unique reflections 87,459 (12,605) 36,435 (5,119) 30,569 (4,402) 39,679 (5,700) 55,300 (7,822)
Redundancy 11.5 (11.2) 6.7 (6.8) 4.0 (3.9) 5.3 (5.1) 7.6 (7.6)
Mosaicity () 0.6 1.1 0.6 0.4 0.6
B-factor from Wilson plot (A˚2) 13 16 20 18 19
Refinement Statistics
Resolution (A˚) 41.95–1.36 46.18–2.00 37.46–1.93 39.93–1.85 39.85–1.64
Total number of reflections 87,381 36,380 30,557 39,608 55,244
Working set: number of reflections 83,002 34,563 29,019 37,617 52,433
Rfactor (%) 11.29 17.72 18.55 17.76 16.33
Test set: number of reflections 4,379 1,817 1,538 1,991 2,811
Rfree (%) 14.60 21.60 23.27 21.48 19.35
Protein atoms 3,664 (A,B) 3,497 (A,B) 3,463 (A,B) 3,445 (A,B) 3,560 (A,B)
Water atoms 389 271 164 247 340
Inhibitor atoms – 40 46 52 75
Adenine atoms 10 – – – –
Ethylene glycol atoms 28 24 12 8 4
Diethylene glycol atoms 7 – – – –
Triethylene glycol atoms 30 – – – –
Tetraethylene glycol atoms 39 – – – –
Acetate atoms – – – – 4
Glycerol atoms – – – – 18
Chloride atoms – 2 – – –
Geometry Statistics
Rmsd (bond distance) (A˚) 0.01 0.01 0.01 0.01 0.01
Rmsd (bond angle) () 1.44 1.45 1.39 1.38 1.48
Rmsd B
Main-chain bonded atoms (A˚2) 1.02 0.66 1.09 0.91 0.96
Side-chain bonded atoms (A˚2) 2.52 1.19 1.41 1.54 1.68
Average B
Main-chain atoms (A˚2) 12.22 15.00 25.55 20.28 22.25
Side-chain atoms (A˚2) 17.18 18.27 29.01 24.28 26.33
Water atoms (A˚2) 32.30 26.78 32.17 30.61 34.75
Inhibitor atoms (A˚2) – 10.58 17.95 17.44 18.35
Adenine (A˚2) 12.42 – – – –
(Continued on next page)
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Table 2. Continued
Adenine
(PDB ID 4F1W)
Methylthio-DADMe-
Immucillin-A
(PDB ID 4F2W)
Butylthio-DADMe-
Immucillin-A
(PDB ID 4F3C)
Homocys-DADMe-
Immucillin-A
(PDB ID 4F3K)
DiEtglycolthio-DADMe-
Immucillin-A
(PDB ID 4F2P)
Ethylene glycol atoms (A˚2) 40.16 39.68 36.05 39.44 36.30
Diethylene glycol atoms (A˚2) 38.69 – – – –
Triethylene glycol atoms (A˚2) 37.28 – – – –
Tetraethylene glycol atoms (A˚2) 39.46 – – – –
Acetate atoms (A˚2) – – – – 36.75
Glycerol atoms (A˚2) – – – – 46.56
Chloride atoms (A˚2) – 20.35 – – –
Ramachandran plot
Most favored region (%) 92.7 91.2 90.8 92.1 91.8
Additionally allowed regions (%) 7.3 8.8 8.9 7.7 8.0
Generously allowed regions (%) 0 0 0.3 0.2 0.2
Disallowed regions (%)a 0 0 0 0 0
See also Table S2.
aNo disallowed regions were observed.
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Binary Structures of Salmonella enterica MTANmonomer-B the diethyleneglycolthio group occupied both
enxtension-Y107 and extension-D208 (Figure 6B).
Changes in the SurfaceArea ofS. entericaMTANDimers
The surface areas of SeMTAN vary substantially depending on
the active-site ligand (Table 4). In the case of an Ade-SeMTAN
dimer, the accessible surface area was 17,394 A˚2. If the mono-
mers of SeMTAN both adopted the open conformation, the
surface area of that dimer would be approximately 18,168 A˚2;
thus, binding of one adenine decreased the surface area
by approximately 4% (Table 4). BuT-DADMe-ImmA binding
decreased the surface area by 9% compared to both monomers
in the open conformation. With BuT-DADMe-ImmA bound to
both monomers, their sizes were equivalent. But, with MT-
DADMe-ImmA or DiEGT-DADMe-ImmA at both dimer sites,
the surface areas of the monomers differed (Table 4). Therefore,
the size of a monomer and dimer depend on the size and the
nature of the bound inhibitor.
DISCUSSION
Both S. enterica and E. coli MTANs copurified with a bound
adenine. In E. coliMTAN, adenine was bound in both active sites,
whereas SeMTAN contained an adenine only in one active site.Table 3. Crystallization Conditions
PDB ID Codes Ligand Bound in the Active Sites Crystallization Con
4F1W Adenine, PEG 0.1 M imidazole (p
4F2W MT-DADMe-ImmA 0.1 M Tris (pH 7.0
pentanediol, 0.2 M
4F3C BuT-DADMe-ImmA 20% PEG 3350, 0
4F3K Homocys-DADMe-ImmA 0.1 M MES (pH 6.
4F2P DiEGT-DADMe-ImmA 0.1 M HEPES (pH
0.2 M sodium ace
In this study, five different binary complexes of S. enterica MTAN were crys
Structure 21The monomers of E. coli MTAN were in the open conformation,
but SeMTAN has the monomer with bound adenine in a closed
conformation. SeMTAN also showed catalytic cooperativity
between the homodimer active sites.When only the first catalytic
site of SeMTAN was inhibited, the second active site showed
reduced catalytic activity (Thomas et al., 2012). Thus, adenine
binding to SeMTAN supports negative cooperativity. In contrast,
the active sites of E. coliMTAN homodimer are catalytically inde-
pendent (Thomas et al., 2012). At the amino acid sequence level,
SeMTAN and E. coli MTAN differ in only ten amino acids, but
their catalytic and structural differences are significant (Thomas
et al., 2012). With bound ligands, major rearrangements occur in
the active sites of MTAN. The b8-a4 and b10-a6 loops move the
most, and these loops contain important residues for ligand
binding and catalysis. The catalytic site geometry needs to
be stabilized for a sufficient time for reaction to occur. When
compared with EcMTAN (bound MT-DADMe-ImmA, PDB ID
code 1Y6Q), SeMTAN has an additional hydrogen bond at the
catalytic site between His204 of b10-a6 loop and Ala104 of the
neighboring monomer (Figure 1A). The b10-a6 loop moves to
open and close the active site. As product release is rate limiting
in most N-ribosyl transferases, it has been proposed that this
hydrogen bond participates in the rate-limiting kinetic step of
SeMTAN (Thomas et al., 2012). This difference may explain theditions Cryo Protectant
H 8.0), 1 M (NH4)2HPO4 35% PEG 400, 15 min
), 35% 2-methyl-2,4-
NaCl
39% 2-methyl-2,4-pentanediol, 11% PEG
400, 5 min
.2 M lithium acetate 40% glycerol, 30 min
5), 12% PEG 20000 47% glycerol, 30 min
6.5), 27% PEG 3350,
tate
39% glycerol, 30 min
tallized, and the structures determined.
, 963–974, June 4, 2013 ª2013 Elsevier Ltd All rights reserved 969
Figure 4. Schematic Presentation of Active Sites from Binary Structures of S. enterica MTAN
(A–F) The structures were determined in the presence of MT-DADMe-ImmA (A), Homoc-DADMe-ImmA (B and C), BuT-DADMe-ImmA (D), and DiEGT-DADMe-
ImmA (E and F). The direct and water-mediated hydrogen bonds are shown as red dotted lines, determined using amaximum donor-acceptor distance of 3.35 A˚.
All the other residues are involved in the hydrophobic contacts (see also Table S1). The carbons, oxygens, nitrogens, and sulfurs are colored in black, red, blue,
and yellow, respectively. The waters are shown as red balls. The W1 water is the active-site nucleophilic water. The short water trail consists of W1, W2, and W3
waters. The 50-alkylthio moieties of Homoc-DADMe-ImmA (B andC) and DiEGT-DADMe-ImmA (E and F) have different bindingmodes and hydrogen bonds in the
binding pockets of SeMTAN homodimer. The figure was prepared with LigPlot (Laskowski and Swindells, 2011; Wallace et al., 1995).
Structure
Binary Structures of Salmonella enterica MTANkcat values of 20 and 2.3 reported for SeMTAN and EcMTAN,
respectively, and likewise, the differences in dissociation con-
stants of 2 and 5 pM forMT-DADMe-ImmA (Thomas et al., 2012).
The water channel in SeMTAN has the clear role of providing
the nucleophilic water and a path for its replacement in each
catalytic cycle. Water trails also serve as ‘‘proton wires’’ in the
active site of enzymes and could assist in the ionization of the
attacking water (Meyer, 1992). Water is not a strong nucleophile
and needs to be activated prior to nucleophilic attack. The struc-
ture permits speculation that the deprotonation of the catalytic
water is accomplished by the combined action of Glu12 and
the water trail. A recent report of the E. coli MTAN in complex
with BuT-DADMe-ImmA shows that one water, presumed to
be the nucleophilic water, survives the vacuum of nanoelectros-
pray quadrupole time-of-flight mass spectrometer analysis;
thus, waters two and three are less tightly bound (Wang et al.,
2012b). The position of the active-site trail of waters is conserved970 Structure 21, 963–974, June 4, 2013 ª2013 Elsevier Ltd All rightsin the crystal structures of S. enterica, E. coli, S. pneumonia,
S. aureus, V. cholerae, and N. meningitides MTANs. H. pylori
MTAN is an exception in the group, as the Asn73 of SeMTAN
that is in hydrogen bonds to the last water of the water trail is re-
placed by a Phe75 inH. pyloriMTAN. The side chain of the Phe75
prevents the binding of the second and third waters of the trail,
and H. pylori MTAN has only the catalytic water molecule.
MTANs bind most 50-thio-substituded DADMe-ImmA inhibi-
tors with the E. coli MTAN showing the highest affinity for these
analogs (Singh et al., 2005a). Specificity and thermodynamic
studies with 50-thio-substituded DADMe-ImmA inhibitors bind-
ing to the SeMTAN revealed favorable enthalpic and entropic
properties (Thomas et al., 2012). As the size of the protein
decreases with inhibitors bound, unfavorable entropic compo-
nents of binding are implied. However, these must be overcome
by favorable entropic contributions, and we propose these to
come from displacing waters in the 50-alkylthio binding pocketreserved
Figure 5. The Active Site of Monomer-B of
Homoc-DADMe-ImmA-SeMTAN
The figure shows the hydrogen bonds (red dotted
lines) between a bound inhibitor (homocysteine-
DADMe-ImmA) and SeMTAN. A short water trail
with the associated hydrogen bonding network
is included. Tyr107 is part of the neighboring
monomer-A. Waters are shown as red spheres,
and W1–W4 waters are discussed in the text. W1
is the catalytic water molecule. The carbons,
oxygens, nitrogens, and sulfurs are colored in
gray, red, blue, and yellow, respectively. The
hydrogen bonding distances are shown in ang-
stroms (A˚). The figure was prepared with PyMOL.
Structure
Binary Structures of Salmonella enterica MTANof SeMTAN, while maintaining motion of the inhibitor and sur-
rounding amino acids in this hydrophobic pocket capable of
accommodating a wide range of ligands. BuT-DADMe-ImmA
binds the most tightly with a dissociation constant of 1.5 pM.
MT-DADMe-ImmA gave a dissociation constant of 5 pM,
approximately three times weaker binding. BuT-DADMe-ImmA
has three more carbon atoms in the tail region compared to
MT-DADMe-ImmA. Additional carbons that in the 50-alkylthio
subsite make additional hydrophobic contacts and contribute
to higher affinity of BuT-DADMe-ImmA. When the DG values
were compared, those for BuT-DADMe-ImmA were 0.7 kcal
mol1 more favorable than those for MT-DADMe-ImmA.
Our discovery of the elongated 50-alkylthio channel inSeMTAN
led to the design and chemical synthesis of four inhibitors to
explore this channel. No previous data of any MTANs have
shown the existence or utilization of these binding site exten-
sions. As the PEG fragment suggested an oxygen would be
tolerated, we replaced the methylthio- group of MT-DADMe-
ImmA with 2-hydroxyethylthio-, 3-hydroxypropylthio-, 4-hydro-
butanol-, and DiEG- groups. Dissociation constants for the
inhibitors were 5 to 15 pM, similar to MT-DADMe-ImmA, despite
their ability to more completely fill the 50-alkylthio channel. An
isosteric comparison of BuT-DADMe-ImmA and 3-hydroxypro-
pylthio-DADMe-ImmA reveals a 4-fold penalty for placing a
hydroxyl group instead of a methyl group in the hydrophobic
50-alkylthio subsite. The DDG of BuT-DADMe-ImmA compared
to 3-hydroxypropylthio-DADMe-ImmA was 0.9 kcal mol1.
One of the oxygen ethers of the ethylene glycol repeat of
DiEGT-DADMe-ImmA is also located in the hydrophobic envi-
ronment of 50-alkylthio subsite. This unfavorable interaction is
overcome by the favorable interactions at the extension-Y107
and extension-D208 sites. The Homocys-DADMe-ImmA with
a dissociation constant of 69 pM binds more weakly than
MT-DADMe-ImmA, DiEGT-DADMe-ImmA, and BuT-DADMe-
ImmA. The DG of Homocys-DADMe-ImmA binding was also
1.5–2.2 kcal mol1 higher when compared to three previously
mentioned inhibitors. Although the carboxylate oxygen at the
50-end of Homocys-DADMe-ImmA is hydrogen bonded to the
OH of Tyr107, the charged oxygen atoms of the carboxylate
group could weaken this interaction. Although we compare
relative binding affinity of the inhibitors, it should be appre-
ciated that all of these inhibitors bind with pM dissociation
constants. This binding affinity is powerful and requires the
capture of an array of favorable interactions between enzymeStructure 21and inhibitor. Thus, interactions are present between the
enzyme and the adenine, ribocation, 50-alkylthio and water
atoms. These are readily apparent from the structures of
SeMTAN presented here. The discovery of picomolar inhibitors
extending from catalytic site into the solvent has enabling impli-
cations for chemical biology approaches. The structure predicts
it will be possible to design click-chemistry inhibitors extending
into the solvent for the exploration of MTAN protein-protein
interactions.
EXPERIMENTAL PROCEDURES
Purification and Crystallization of SeMTAN
Recombinant SeMTAN was produced and purified as previously described
(Thomas et al., 2012). After purification, SeMTAN was dialyzed into
100 mM HEPES (pH 7.0) and stored at 80C. Crystallization screenings
used sitting drop vapor diffusion (Jancarik and Kim, 1991). Crystallization
drops used 0.5 ml of enzyme solution with 0.5 ml of well solutions, and
the drops were kept at room temperature. Crystals of SeMTAN, in com-
plex with an inhibitor, were obtained using the same protocol as for
the Ade-SeMTAN crystals, except prior to crystallization trials, recombi-
nant SeMTAN (11 to 14 mg/ml) was combined with 2- to 3-fold molar
excess inhibitor solution. The enzyme was incubated with the inhibitor on
ice for 15 min (Table 3). Attempts to soak inhibitors into apo SeMTAN
were unsuccessful.
Data Collection and Processing
Crystals were soaked in the cryoprotectant (cryo) solution (Table 3) and
flash-cooled in liquid nitrogen. The cryo solutions were prepared freshly
and, in addition to mother liquor, contained the relevant inhibitor. All
data were collected at beamline X29A at Brookhaven National Laboratory,
New York. Images were processed using iMOSFLM (Leslie and Powell,
2007), and intensities were scaled and merged with SCALA (Evans,
2006) of the CCP4 program suite (Collaborative Computational Project,
Number 4, 1994). The data collection and processing statistics are provided
in Table 2.
Structure Determination, Model Building, and Refinement
The crystal structure of Ade-SeMTAN was determined by molecular replace-
ment using E. coli MTA/SAH nucleosidase (PDB ID code 3O4V) as the search
model and MOLREP (Vagin and Teplyakov, 1997) program of CCP4 program
suite. Molecular replacement gave one good solution, and rigid body refine-
ment, followed by restrained refinement in REFMAC5 (Murshudov et al.,
1997) using isotropic B-factors, gave a model with an R-factor of 28.5% and
an Rfree of 30.8%. Subsequently, the model was built and refined in COOT
(Emsley et al., 2010) and REFMAC5, respectively. The monomer-A of the
apo SeMTAN dimer was modeled with an open conformation and the mono-
mer-B of the same dimer with a bound adenine and polyethylene glycol had
adopted the closed conformation., 963–974, June 4, 2013 ª2013 Elsevier Ltd All rights reserved 971
Figure 6. Binding Modes of Transition State
Analogs with S. enterica MTAN
(A) The binding pocket of monomer-A. The eight
monomers of four SeMTAN dimers in complex with
DADMe-ImmA-based inhibitors as well as the adenine-
and triethylene glycol (TEG)-bound monomer were
superpositioned. The carbons of BuT-DADMe-ImmA,
Homocys-DADMe-ImmA, and DiEGT-DADMe-ImmA
are colored in gray, salmon, and green, respectively.
The carbons of TEG are shown in light blue. MT-
DADMe-ImmA is also included but is not visible in the
figure. The longer inhibitors either face the Asp208 of
the samemonomer or Tyr107 of monomer-B; the site in
which the inhibitor molecule rotates either toward D208
or Y107 is indicated by an arrow and is named branch
point. The DiEGT-DADMe-ImmA of monomer-B of
DiEGT-DADMe-ImmA-SeMTAN structure has two
conformations in which the oxygen [(OAY(b)] of DiEGT
moiety is hydrogen bonded to Asp208 or Tyr107 (b stands for monomer-B). The C23 indicates the binding site of the carbon atom at the tip of the butylthio moiety
of BuT-DADMe-ImmA. NH is the nitrogen atom of homocysteine of Homoc-DADMe-ImmA, and CAU is the carbon atom of the first ethyleneglycol repeat of
diethyleneglycolthio moiety of DiEGT-DADMe-ImmA.
(B) The two binding pocket extensions on the surface of SeMTAN in complex with DiEGT-DADMe-ImmA. The carbons, oxygens, nitrogens, and sulfurs of the
accessible surface area are shown in gray, red, blue, and yellow, respectively. The binding modes of DiEGT moieties of monomer-A (a) and monomer-B (b) are
shown. The oxygen labeled b is labeled as OAY(b) in (A). The D208 and Y107 indicate putative binding site extensions that could be utilized by longer 50-alkylthio
substituted inhibitors. The figures were prepared with PyMOL.
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same way. The closed conformation monomer-B of Ade-SeMTAN was used
as the search model in the molecular replacement calculations. The MOLREP
routine was able to find both monomers of the dimer after two rounds of rota-
tional and translational searches. Refined SeMTAN dimer with BuT-DADMe-
ImmA had a bound inhibitor molecule in both active sites, and both monomers
were in the closed conformation. For the SeMTAN crystal structures with
MT-DADMe-ImmA, Homocys-DADMe-ImmA, or DiEGT-DADMe-ImmA, the
structure of the SeMTAN dimer with BuT-DADMe-ImmA was used as the
searchmodel for determining these crystal structures. All the crystal structures
in this study were built in COOT and refined in REFMAC5. After adding water
molecules, the corresponding inhibitors and other heteromolecules, such as
adenine, glycerol, ethylene glycol, acetate, and/or chloride, were identified in
Fo-Fc maps at 3 s level and included in the refinement cycles (Table 2).
Under conditions of crystallography, we used saturating concentrations of
these high-affinity inhibitors, and both active sites were filled. Adenine, on
the other hand, is much weaker binder (Cornell et al., 1996). Once one active
site contains a bound adenine, the affinity of adenine for the second active
site of SeMTAN homodimer is reduced extensively because of negative coop-
erativity (Thomas et al., 2012), and therefore, adenine was seen only in one
active site of SeMTAN.Table 4. The Surface Areas and the Changes in the Surface Areas u
Bound Ligand
Surface of
Monomer-A (A˚2)
Surface of
Monomer-B
Apoa 10,368 10,367
Adenineb 10,368 9,721
MT-DADMe-ImmAc 9,870 9,927
Homocys-DADMe-ImmAc 9,814 9,914
DiEGT-DADMe-ImmAc 9,715 9,952
BuT-DADMe-ImmAc 9,667 9,681
The accessible surface areas were calculated without including any heteroa
from the open conformation monomer of Ade-SeMTAN crystal structure. W
created Apo dimer, it was noticed that having BuT-DADMe-ImmA in both a
aBoth monomers are in the open conformation.
bOne monomer is in the open conformation, and the other one is in the clos
cBoth monomers are in the closed conformation.
972 Structure 21, 963–974, June 4, 2013 ª2013 Elsevier Ltd All rightsIdentification of the Unknown Molecule Bound in the Active Site of
Monomer-B of Ade-SeMTAN
In the Ade-SeMTAN crystal structure, monomer-B had an adenine bound in
the adenine subsite of the active site. In addition, a continuous Fo-Fc elec-
tron-density map at 3 s was located at the 50-alkylthio subsite and extended
away from the bound adenine toward the enzyme. The data set for Ade-
SeMTAN was collected to 1.36 A˚ and was highly redundant, permitting calcu-
lation of an anomalous difference map to detect atoms heavier than oxygen.
No peaks were located at the 50-alkylthio subsite. Peak heights at the side
chains of cysteines and methionines were readily resolved. Thus, the ligand
at the 50-alkylthio subsite did not contain sulfur atoms. The shape of the
Fo-Fc map at the 50-alkylthio subsite conformed to a bound polyethylene
glycol molecule. After a triethylene glycol was added into this density and
refined, no negative difference map density was observed supporting the
assignment as a fragment of polyethylene glycol.
Inhibitor Synthesis and Inhibition Constants
MT-DADMe-ImmA, BuT-DADMe-ImmA, and Homocys-DADMe-ImmA (Fig-
ure 3C) were synthetized as previously described (Singh et al., 2005a).
DiEGT-DADMe-ImmA, OH-EtT-DADMe-ImmA, OH-PrT-DADMe-ImmA, and
OH-BuT-DADMe-ImmA were synthesized as described in the Supplementalpon Ligand Binding
(A˚2)
Interface
Area (A˚2)
Surface of
Dimer (A˚2)
Decrease in the
Surface Area (%)
2,567 18,168 –
2,694 17,394 4.3
2,863 16,934 6.8
2,810 16,917 6.9
2,796 16,871 7.1
2,813 16,534 9.0
toms and using the same residue range. The Apo homodimer was made
hen the surface areas of liganded dimers were compared to the artificially
ctive sites causes the dimer to shrink the most.
ed conformation.
reserved
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Binary Structures of Salmonella enterica MTANExperimental Procedures. The slow-onset inhibition constant (Ki*) values of all
the inhibitors were obtained using the protocol as described by Thomas et al.
(2012). Slow-onset inhibition constants were measured in these instances
because there was a delay before the onset of inhibition by these compounds.
It has been well established that this delay is due to slow conformational
changes in enzyme systems into a transition state configuration that is capable
of tight binding with transition state analogs (Merkler et al., 1990). The DG
values were generated from Ki* values using the equation DG = RT ln Ki*. To
obtain DDG values, methylthio-DADMe-ImmA was chosen as a reference
point.
Structure Validation and Analyses
The final structures were analyzed with MolProbity (Chen et al., 2010; Davis
et al., 2007). The protein interfaces and surfaces were obtained using the
‘‘Protein interfaces, surfaces, and assemblies service PISA’’ at the European
Bioinformatics Institute (Krissinel, 2010; Krissinel and Henrick, 2007). Hetero-
atoms were excluded from the calculations and residues 1–230 were
analyzed. The ligand-protein contacts were produced with LigPlot (Laskowski
and Swindells, 2011; Wallace et al., 1995). The models and the corresponding
library files of MT-DADMe-ImmA, Homocys-DADMe-ImmA, and DiEGT-
DADMe-ImmA were produced with the PRODRG2 server (Schu¨ttelkopf and
van Aalten, 2004) for RAFMAC5.
ACCESSION NUMBERS
The coordinates and structure factors have been deposited at the RCSB
PDB as entries (Table 2) 4F1W (RCSB072350) for Ade-SeMTAN, 4F2W
(RCSB072386) for MT-DADMe-ImmA-SeMTAN, 4F3C (RCSB072402) for
BuT-DADMe-ImmA-SeMTAN, 4F3K (RCSB072410) for Homocys-DADMe-
ImmA-SeMTAN, and4F2P (RCSB072379) forDiEGT-DADMe-ImmA-SeMTAN.
SUPPLEMENTAL INFORMATION
Supplemental Information includes one figure, two tables, Supplemental
Experimental Procedures, and one movie and can be found with this article
online at http://dx.doi.org/10.1016/j.str.2013.04.009.
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